Introduction
This chapter covers the literature published during 2008 relating to the above area, apart from a few papers from 2007 in less accessible journals which came to light in Chemical Abstracts in 2008. As in recent years, it has been necessary to be somewhat selective in the choice of publications cited but, nevertheless, it is hoped that most significant developments have been noted. The use of a wide range of tervalent phosphorus ligands in homogeneous catalysis has again been a major driver in the chemistry of traditional P-C-bonded phosphines (and also that of tervalent phosphorus acid derivatives, covered in detail elsewhere in this volume). Noteworthy in this context is a major review of the catalytic asymmetric synthesis of chiral phosphines. 1 
Phosphines

Preparation
From halogenophosphines and organometallic reagents.
This route has continued to be applied widely, with most work again involving the use of organolithium reagents. Nevertheless, a few papers describing Grignard routes continue to appear, these having been found to be advantageous for the synthesis of the 1,2-bisphosphinobenzene (1), 2 and the crowded, arenefunctional, t-alkylphosphine (2). 3 A procedure for the preparation of polyfunctional arylmagnesium reagents, involving direct magnesium insertion into aryl-and heteroaryl-halides in the presence of lithium chloride, has also been reported, having considerable potential for use in phosphine synthesis. 4 A very similar approach using aryllithium reagents has also been developed and used subsequently to prepare a range of C-functionalised phosphinobiaryls, e.g., (3) . 5 Traditional halogen-metal exchange procedures involving butyllithium reagents with halo-arenes or -alkenes, followed by treatment with chlorophosphines, have formed the basis of routes to a range of new phosphines. Among new monophosphines prepared in this way are a range of sterically crowded o-alkyl-substituted aryl(alkyl)phosphines, 6 2-, 3-and 4-quinolyl(diphenyl)phosphines, 7 the crowded biarylphosphine (4), 8 the phosphino-allene (5), 9 and the phosphinoferrocene (6). 10 Stereochemical assignments relating to phosphines of the Taniaphos series (7) , also prepared by the above route, have been corrected, following comments from other workers. 11 Other new phosphines also prepared in this way include a series of mono-and diphosphino-anthracenes (8) , 12 the unsymmetrical 2,2 0 -bis (phosphino)diphenylamine (9) , 13 the p-phenylenediphosphines (10), 14 the diphosphine (11) , (capable of quaternisation at nitrogen to give water-soluble 15 and the tetraphosphines (12) that act as rigid scaffolds which prevent interactions of metal complexes with oxide supports. 16 A novel approach to 1,1 0 -bisphosphorus compounds is provided by treatment of diethyl chloromethylphosphonate (a carbene precursor) with butyl lithium, followed by a trialkylborane, which results in transfer of an alkyl group from boron to the carbenoid a-carbon. Subsequent metallation at the a-carbon with butyllithium, followed by treatment with a chlorophosphine, gives the phosphinomethylphosphonates (13) . 17 The phosphonatophosphine (13, R ¼ SiMe 3 ) was prepared in a similar way by sequential treatment of diethyl methylphosphonate with LDA (2 mol), followed by chlorotrimethylsilane (1 mol) and chlorodiphenylphosphine (1 mol). 18 Direct lithiation of acidic carbon precursors has also been used in the synthesis of various heteroarylphosphines, including oligothienylphosphines, e.g., (14) , 19 tris-2-(3-methylindolyl)phosphine, (which demonstrates an ability to bind anions through the indole NH sites and coordinate to metals via phosphorus), 20 and the phosphinobipyrazole (15) . 21 Depending on relative quantities of butyllithium and chlorodiphenylphosphine, 1-(1-naphthyl)-1H-benzimidazole undergoes monophosphination at either the 2-naphthyl or 2-benzimidazole positions, or at both, to give a diphosphine. The latter undergoes selective 
alkylation at nitrogen on treatment with methyl triflate to give the amidiniodiphosphine ligand (16) . 22 Plenio et al. have continued to develop the chemistry and applications of 9-alkylfluorenylphosphine ligands, accessible by direct lithiation and phosphination of 9-alkylfluorenes. An efficient large scale route to these compounds has now been described, 23 and among new examples reported are the sulfonated ligand (17) 24 and the diphosphines (18) . 25 Directed lithiation at a site near to an appropriate donor atom has also been widely utilised in the synthesis of new phosphines. Among new systems prepared in this way are the P-chirogenic phenoxaphosphine (19) , 26 various 2,6-bis(phosphino)thiophenol derivatives 27 and 1,4-bis(phosphino)-2,5-difluoro-3,6-dihydroxybenzenes, 28 a series of modular phosphine-aminophosphine ligands (20) based on a chiral 1,2,3,4-tetrahydro-1-naphthylamine backbone, 29 families of tunable indolylphosphine-(21), 30 t-butylsulfinylphosphine- (22) , 31 and o-phosphinoarylamide-(23) 32 ligands and the chiral phosphinoaryl imidazole (24) . 33 Donor group-directed metallation has also been used to prepare planar chiral ruthenocenebased phosphino-oxazoline ligands (25) 34 and in a four-step synthesis of the chiral tetraphosphinoferrocene (26) . 35 An improved route to dicyclopentadienyl(phenyl)phosphine (27) has been developed, involving use of a cyclopentadienylthallium reagent. 36 2.1.2 From metallated phosphines. This route has continued to find wide application, although the volume of published work seems to have decreased again in the past year. Lithiophosphide reagents remain the most commonly used, sometimes as borane-protected systems, the borane group also providing protection against oxidation of the new phosphine during purification steps. Lithium arylphosphide reagents have been employed in traditional procedures involving nucleophilic displacement reactions of mesylate esters and alkyl halides in the synthesis of the terpene-derived phosphine (28) , 37 the diphosphine (29), 38 and the phosphirane (30, R ¼ SiMe 3 ). 39 Attempts to prepare polymeric alkylphosphines by treating (30, R ¼ Me or Ph) with lithiophosphide reagents by inducing nucleophilic ring-opening at carbon failed, the preferred route being attack at phosphorus to form a diphosphide anion, e.g., (31) , and an alkene. 40 On the other hand, the established nucleophilic ring opening of epoxides by attack of phosphide anions at carbon has received further application in the synthesis of new sulfur-containing phosphine ligands, e.g., (32) , from sugars 41 and a series of modular P-O-P ligands (phosphine-phosphites and phosphine-phosphinites), e.g., (33) . 42 Borane-protected lithiophosphide reagents have also been used routinely in the synthesis of the heterocycle-functionalised chiral phosphines (34), 43 (35) , 44 (36) , 45 and (37). 46 The latter paper also reports the synthesis, by other methods, of bis(2,5-diphenylphospholane systems having maleic anhydride or ferrocene sp 2 carbon-linking groups. In a more complex mechanistic scenario, treatment of a chromium tricarbonyl complex of ortho-difluorobenzene with a chiral, borane-protected, lithiophosphide reagent resulted in the formation of the related paradiphosphinoarene complex (38) , via a tele-S N Ar substitution mechanism. 47 More exotic applications of lithiophosphide reagents include the synthesis of Ge(II)-phosphides, 48 monomeric aluminium-and gallium-phosphides of the type Bu 49 tetraradicaloid systems, e.g., (39) 50 and (40), 51 the formation of the triphospholide (41) 52 and the 6p-diphosphastannylene (42) 53 anions, and in the alkylation of bulky primary phosphines coordinated to platinum. Sodium-and potassium-organophosphide reagents have also continued to find new applications in synthesis. Trisodium heptaphosphide has been shown to react with alkyl tosylates to give dialkylheptaphosphide anions or trialkylheptaphosphines, depending on the stoichiometric ratios of the starting reagents, 55 and also with nickel-cyclopropenyl complexes to give sodium 1,2-diphosphacyclopentadienide. 56 A platinum-catalysed enantioselective tandem alkylation of mono-and bis-primary phosphines with 1-bromo-8-chloromethylnaphthalene, in the presence of sodium trimethylsiloxide, has provided a route for the asymmetric synthesis of mono-and bis-P-stereogenic 1-phosphaacenaphthenes, e.g., (43) . 57 Related platinum-catalysed alkylation reactions of bis(secondary) phosphines have given enantiomerically pure C 2 -symmetric diphosphines. 58 A sodiophosphide route to the caged, compact trialkylphosphine (44) has also been developed 59 and a borane-protected sodiophosphide reagent has been used in the synthesis of the chiral ligand (45) . 60 Sodium-and potassium-diphenylphosphides have been shown to add to nitroarenes at positions ortho and para to the nitro group. Subsequent permanganate oxidation of the resulting s-adducts provides access to the corresponding nitrophenylphosphine oxides. 61 Conventional reactions of potassiophosphide reagents with alkyl halides have been used for the synthesis of tertiary phosphines bound to dendronised supports, subsequently used as ligands in catalysis by metal complexes. 62, 63 Nucleophilic displacement of fluorine from fluoroarenes with potassium diphenylphosphide has afforded routes to the terpenederived phosphines (46) 64 and, with microwave assistance, the aminoarylphosphine ligands (47 Interest in the synthesis and structural characterisation of less common metalloorganophosphide systems has continued. A range of alkali metal complexes of the phosphide anion (48) has been prepared from the lithiophosphide by simple metathesis with alkali metal alkoxides. The lithiophosphide exists as a dimer, but crystallisation of the sodium and potassium drivatives in the presence of TMEDA results in the formation of monomeric species. 66 The caesium triphosphenide (49) , involving a phosphorus analogue of the allyl anion, has been prepared from the previously described sodium complex. Unlike the sodium and potassium complexes, which are monomeric, the caesium complex has a polymeric structure. 67 A variety of arylphosphide complexes of magnesium, calcium, strontium and barium have been prepared and their solid state structures characterised. 68 Copper(I)-, silver(I)-and gold(I)-complexes of the cyclo-(P 5 t Bu 4 ) À ion have also been prepared and fully characterised. 69 The use in synthesis of phosphine reagents metallated at atoms other than phosphorus has continued to attract interest and some new applications have been described. The usual starting point is a phosphine lithiated at a carbon atom that is the site of subsequent transformations. Structural studies of such metallated phosphines have also continued to attract attention. The lithium complexes (50) of simple phenolic phosphines have been shown to have cubane-like structures in the solid state. 70 The bulky phosphine (51) has been obtained from the reaction of lithiomethyl(diphenyl)phosphine with the tri(ferrocenyl)methylcarbenium ion. 71 Two groups have reported synthetic applications of 1,3,5-triaza-7-phosphaadamantane, lithiated at a carbon a to phosphorus, giving access to a wide range of water-soluble C-functionalised derivatives (52) . 72, 73 Studies of the C-lithiation of prochiral t-butyldimethylphosphine (protected as either the borane complex or as the sulfide), in the presence of ( À )-sparteine, have shown that the stereochemical outcome of subsequent reactions with a chlorophosphine to give diphosphine derivatives, e.g., (53) , is more favourable in the case of the phosphine sulfide. 74 C-lithiation of t-butyldimethylphosphine in the presence of ( À )-sparteine has also found use in the synthesis of the chiral phosphines (54) , subsequently used in the synthesis of P-chiral tethered phosphinoareneruthenium complexes. 75 The chiral base sparteine-promoted desymmetrisation of the prochiral phosphinoborane adducts RPMe 2 Á BH 3 (R ¼ Ph or Fc) is the key step in a route to a series of P-chirogenic b-aminoalkylphosphine-boranes and related a-carboxyalkylphosphines. A stereospecific route to trans-1,4-diphosphacyclohexanes (55) is provided by C-lithiation at both methyl groups of the chiral diphosphine (56) , again in the presence of ( À )-sparteine, followed by oxidative coupling with copper(II) chloride. 77 C-lithiation at the methyl group of borane-protected 2-biphenylyl(methyl)phenylphosphine, followed by coupling with chlorotrialkylsilane derivatives, is key to the synthesis of a range of carbocyclic dendrons containing a P-stereogenic phosphine as the functional centre for formation of catalytically-significant complexes. 78 A route has been developed to the dilithium salts (57), tridentate ligands used subsequently for the synthesis of ansa-bridged phosphinoalkylzirconocenes. 79 Lithiated cyclopentadienyldi(t-butyl)phosphine has been used in the synthesis of a phosphino-functional ruthenocene, subsequently used in the catalysis of the Suzuki-Miyaura coupling of aryl chlorides. 80 Also noted are several papers describing the synthesis of phosphines bearing group 13 elements, e.g., the phosphinoalane (58), 81 the intramolecularly-stabilised systems (59), 82 and various metallated phosphaguanidates. 83, 84 2.1.3 By the addition of P-H to unsaturated compounds. This route has continued to find application, with a slight increase in the number of papers published over the past year. An improved procedure has been reported for the synthesis of the phosphatrioxane system (60) solution of 2,4-pentanedione at 0 1C, thereby providing an easy access to a whole range of related phosphine ligands. 85 Two other groups have reported radical-catalysed additions of the phosphaadamantane (60, R ¼ Me) to terminal alkenes to give the non-symmetric diphosphine (61) 86 and the siloxyethyl derivative (62), 87 capable of being grafted onto a silica support. Another report has appeared of the synthesis of chiral a-(N-sulfoximido)phosphines, e.g., (63) , (and related phosphine oxides and phosphonate esters) by the addition of P-H reagents to N-vinylsulfoximines. 88 A route to the new functionalised phosphines (64) is provided by the uncatalysed addition of borane-protected secondary phosphines to vinyl-ethers and -thioethers. 89 Phosphines bearing an imidazolium fragment (65) have been obtained in a one-step radical-promoted addition of secondary phosphines to allyl-or vinyl-imidazolium salts. 90 Full details of the asymmetric hydrophosphination of ab-unsaturated aldehydes, catalysed by chiral diarylprolinol derivatives (and other secondary catalysts) have now appeared. 91 Base-catalysed procedures have been described for the addition of PH 3 to 1-(t-butyl)-4-vinylbenzene 92 and vinylsulfoxides, 93 and of diphenylphosphine to diphenyl-ethyne and 1,4-diphenylbutadiyne, the latter reactions giving quantitative yields of the cis-addition products (66) and (67) . 94 Base-catalysed additions of primary and secondary phosphines, coordinated to iron-and ruthenium-phthalocyanine centres, have also been reported. 95 Two groups have reported procedures for the hydrophosphination of carbodiimides under both base-catalysed 96 and metal complex-catalysed conditions, 97, 98 providing access to a variety of phosphaguanidine ligands (68) . Use of a binary reagent consisting of tetraphenyldiphosphine and a hydrosilane, in the presence of palladium acetate as a catalyst and a trace of oxygen, provides a highly regioselective route for the hydrophosphination of terminal alkynes, giving phosphines of type (69) , usually isolated as the oxides if worked up in air, or alternatively as the sulfides. 99 2.1.4 By the reduction of phosphine oxides and related compounds. Silane reagents have continued to be widely employed in the reduction of phosphine oxides, usually in the final step of a multistage synthesis. Once again, trichlorosilane has remained the most popular. Among new phosphines routinely accessed using this reagent in the presence of an amine base are the new electron-rich, biaryl-like KITPHOS ligands (70) , easily assembled via Diels-Alder cycloaddition between 1-alkynylphosphine oxides and anthracene, 100 the phosphinoterphenyl (71) (via a Suzuki coupling of a chloroarylphosphine oxide), 101 a series of 'pincer-click' triazole-based ligands, e.g., (72) , accessed by Huisgen dipolar cycloaddition of suitably functionalised azides and alkynes, 102 and the dendritic chiral phosphines (73) . 103 Trichlorosilane-amine combinations have also been used in the final stage of the synthesis of various ether-bridged chiral diphosphinobiaryl ligands, e.g., (74) , 104 (75) , 105 and (76), 106 and of the chiral Norphos system (77) . 107 A combination of trichlorosilane with triethylphosphite was the chosen reagent for reduction of the dioxides of the chiral atropisomeric diphosphines (78) 108 and (79), 109 both systems being accessed via cycloaddition reactions of alkynylbisphosphine oxides. Other silane reagents 
also continue to be used in phosphine synthesis. Hexachlorodisilane was the reagent of choice for the reduction of phosphine sulfides in the synthesis of a new class of C 1 -symmetric diphosphines (80) . 110 Phosphine sulfides have also been reduced to the parent phosphine using tris(trimethylsilyl)silane in a route to the 2-aminoalkylphosphines (81) the synthesis of triarylphosphines with dendritically-arranged tetraethylene glycol moieties at the periphery. 112 A combination of polymethylhydrosiloxane and titanium isopropoxide was used in the final stage of routes to the chiral diphosphines (82) 113 and (83). 114 Full details of the synthesis of the bis(primary phosphine) (84) by reduction of the related bis(diethyl phosphonate ester) using a combination of trimethylsilyl chloride and lithium aluminium hydride have now appeared, together with new work on elaboration of the structure via addition of methyl acrylate to the P-H bonds. 115 Both tris(trimethylsilyl)silane, (in the presence of a radical initiator in benzene), and tris(dimethylamino)phosphine have been used for the reduction to the phosphines (85) of the related sulfides obtained by a rhodium-catalysed formal [2 þ 2 þ 2] cycloaddition reaction between heteroatom-bridged dialkynes and alkynylphosphine sulfides. 116 The reduction of tertiary phosphine oxides with diisobutylaluminium hydride (DIBAL-H) has been the subject of a detailed study, resulting in a significant improvement in experimental protocols and making DIBAL-H a much more attractive reagent. 117 In a new development, it has been shown that alkylene bis(diphenylphosphine oxides) can be selectively reduced to the related bis(phosphine) monoxide under exceptionally mild conditions using a combination of triflic anhydride and a thiol. The procedure appears to be general, at least for 1,n-diphosphine oxides (where n ¼ 1-4) and certain BINAP phosphine oxides and involves the formation of a cyclic bisphosphonium anhydride intermediate. It can also be used to reduce simple monophosphine oxides to phosphines although the yields are limited to a maximum of 50%. 118 2.1.5 By miscellaneous methods. Recent reviews include a survey of methods for the synthesis of fluoroarylphosphines, 119 oligosilane-and oligosiloxane-bridged phosphines, 120 and phosphines having a chiral 1,1 0 -spirobiindane or 9,9 0 -spirobifluorene backbone. 121 Efforts to prepare phosphines directly from white phosphorus have continued and new routes for the functionalisation of P 4 have been reviewed. 122 Hydrolysis of P 4 coordinated to two complexed ruthenium centres has given phosphorus acid and coordinated 1-hydroxytriphosphine, H 2 P-PH 2 -P(H)(OH). 123 A niobium-mediated reaction cycle has been developed, enabling the synthesis from P 4 of phosphorus-rich organic molecules, e.g., (86) , bearing cyclic olefins as substituents as well as a cluster-incorporated carbene unit. 124 Recent advances in the stoichiometric and catalytic activation of P-H and P-P bonds by transition metal species have also been reviewed. 125 A range of new phosphines (87)- (89) has been prepared via the reactions of 2-methyl-2-oxazoline and 2-methyl-2-thiazoline with chlorodiphenylphosphine under unexpectedly mild conditions. 126 The reaction of formamidino-functionalised thiazoles with bromophosphines in the presence of pyridine, followed by methanolysis of the formamidino group, provides a very straightforward and efficient route to the thiazolylphosphines (90), useful ligands for the copper-catalysed arylation and vinylation of nucleophiles. 127 A direct, mild and efficient method for the trifluoromethylation of primary and secondary phosphines has been developed using readily accessible and inexpensive hypervalent iodine(III)-CF 3 reagents. 128 A simple route to chiral 1-alkylphospholanes (91, R ¼ alkyl) is provided by the alkylation of the parent phospholane (91, R ¼ H) using alkyl triflates, followed by treatment of the intermediate air-stable phospholanium salts with base. 129 The zwitterionic trialkylphosphonium sulphonates (92), air-stable precursors of t-alkylphosphine ligands, have been obtained by the reactions of dialkylphosphines with 1,3-propanesultone. 130 Secondary phosphines may also be used as nucleophiles in palladium-catalysed enantioselective allylic substitution reactions, leading to the allylic phosphines (93) , 131 and also in base-catalysed reactions with 3-(1-arylsulfonylalkyl)indoles to give the related phosphinoalkylindoles. 132 The key step in a modular synthesis of chiral phosphine-phosphite ligands from phenolic precursors is the reaction of borane-protected phosphinites (prepared from an o-bromophenol) with n-butyllithium to afford the corresponding ortho-phosphinophenols (94), through bromine-lithium exchange and anionic migration rearrangement. Treatment of the latter with phosphorus trichloride in the presence of a base and subsequent in situ reaction of the intermediate dichlorophosphites with a range of chiral diols affords the desired ligands in good overall yield. 133 Among other new phosphines prepared as potential ligands for metal-catalysed reactions is the watersoluble triarylphosphine (95), 134 highly fluorous bidentate phosphines (96) 135 and (97), 136 tunable 2,2 0 -biphenylenediphosphines, e.g., (98) 137 and (99), 138 diphospholane-based chiral diphosphine mononoxide ligands, e.g., (100), 139 2,2 0 -bis(dialkylphosphinomethyl)biphenyls, 140 the chiral heterocyclic ligands (101), 141 and a series of chiral bis(diarylphosphino) ethanes bearing one phenyl and one substituted-o-anisyl group at each phosphorus. 142 Several groups have reported the synthesis of b-phosphinoethylboranes by hydroboration of diphenylvinylphosphine. [143] [144] [145] Heating a 3-(o-diphenylphosphinophenyl)pyrazole derivative with potassium borohydride to 220 1C resulted in the formation of the tris(phosphinoarylpyrazolyl)borate ligand (102) , isolated in 64% yield. 146 Metal-catalysed routes to phosphines have continued to generate interest, although the number of applications has diminished significantly in the past year. Zirconocene-alkene complexes have been shown to react with chlorodiphenylphosphine to form b-phosphinoethylzirconium complexes, from which the alkylphosphines (103) may be liberated on treatment with HCl. Alternatively, treatment of the complexes with copper(I) chloride and a range of alkylating agents, followed by hydrogen peroxide, provides the functionalised phosphine oxides (104) . 147 Palladium-catalysed reactions of secondary phosphines with aryl halides have found further application in the synthesis of meso-phosphinoporphyrins (105), 148 the aza-BINAP systems (106), 149 and 5-diphenylphosphinoisophthalic acid, used subsequently for the synthesis of macrocyclic amide-based bis(phosphino) [2] -catenanes. 150 Nickel(II)-catalysed reactions of aryl triflates with either chlorodiphenylphosphine (in the presence of zinc) or diphenylphosphine, have been used to prepare the related aza-BINAP ligands (107) 151 and (108). As in previous years, the elaboration of functional groups present in substituents at phosphorus has led to a wide range of new phosphines. Sulfonation of the hydrophobic phosphine n-C 12 H 25 OC 6 H 4 P(anisyl-p) 2 has given a new amphiphilic phosphine useful as a ligand that also promotes micelle-formation in the aqueous biphasic catalytic hydroformylation of long chain alkenes. 153 A series of heteroaryl-substituted benzylic P, N ligands (109) has been prepared from diphenyl(o-tolyl)phosphine via a sequence of metallation and carboxylation reactions at the methyl group, followed by construction of the heterocyclic ring substituent. The same paper also reports a different route to related ligands having geminaldimethyl substitution at the benzylic carbon, which finishes with a conventional aryl lithium-chlorophosphine step. 154 Lithiation of a bromo (diphenylphosphino) [2.2] paracyclophane is the initial step in the synthesis of the chiral P, N-ligands (110), followed by introduction of the heteroaryl substituent. 155 Imine-formation between b-aminoethylphosphines and carbonyl compounds has given new phosphino-imine ligands, e.g., (111) 156 and (112). 157 The new chiral phosphine-phosphoramidite ligand (113) has been prepared by the phosphitylation of 1-(8-diphenylphosphino) naphthylamine. 158 Both imine-formation from 2-diphenylphosphinobenzaldehyde and amide-formation from 2-diphenylphosphinobenzoic acid have found further use. New phosphines prepared from the phosphinoaldehyde include a phosphinoaryliminothiosemicarbazone, 159 a series of over thirty phosphino-imine and related phosphino-amine ligands involving 
P CH 2 NH MeO 2 C 3 1-4 nitrogen donor sites, some with additional aminophosphine functionality, 160 phosphino-imine and phosphino-amine ligands derived from D-glucosamine, 161 a series of phosphinoimines derived from chiral aminoalcohols, 162 the chiral phosphinoazomethinylate salts (114) obtained from imine formation with commercially available enantiopure a-aminoacids, 163 and the multifunctionalised ligand (115) . 164 New chiral phosphinoarylamides have been prepared from 2-diphenylphosphinobenzoic acid and (S)-phenylglycinol and (S)-phenylalanine. 165 Mannich-type reactions involving primary or secondary amines with hydroxymethylphosphonium salts, hydroxymethylphosphines or secondary phosphines (in the presence of formaldehyde) have again been used to generate new aminomethylphosphines. Included among these are water-soluble phosphines from tris(hydroxymethyl)phosphine and a-aminoacids, 166, 167 non-centrosymmetric ditertiary phosphines of the type Ph 2 PCH 2 N(R)CH 2 PAd (Ad ¼ 1,3,5,7-tetramethyl-2,4,8-trioxa-6-phosphaadamantyl; R ¼ Ph or p-tolyl), 168 the heterocyclic phosphines (116) 169 and (117), 170 the functionalised aminomethylphosphine (118) , 171 the bis(ferrocenyl)diphosphine (119), 172 and a series of dendrimers terminated by bis(diphenylphosphinomethyl)amino groups. 173 Side-chain functional group transformations of metallocenes have also found further application in the synthesis of a variety of phosphines, including the ferrocenylphosphines (FcCH 2 ) 2 PH and (FcCH 2 ) 3 P, 174 a series of phosphinoferrocenyl-terminated amidoamines, 175 various phosphinoferrocenophanes, e.g., (120) 176 and (121), 177 Josiphos-type diphosphinoferrocenes bearing an imidazolium cationic tag, 178 and a variety of new planar-chiral diferrocenylphosphine-diimines, 179 alkenylferrocenyphosphines, 180 and diphosphinometallocenes bearing hydroxymethyl, methoxymethyl and acetoxymethyl substituents. 181 Further work has been reported on the synthesis of complex phosphinebased ligand systems via the coordination-promoted self-assembly of simpler phosphines bearing appropriate functional groups. A series of ligands bearing one to four meta-substituted diphosphinoarene groups attached to a central core has been prepared and self-assembled via coordination to silver. 182 Also reported is a route to the pyrene-appended phosphine (122) , which, when coordinated to rhodium in a square-planar complex via the P and S centres, forms a self-assembled tweezer system in which two nearby pyrenyl units act as a fluorescent-sensitive detection site for halide anions hydrogenbonded to the amide units. 183 In a similar approach, equimolar mixtures of the peptide-functionalised phosphines (123), on coordination via phosphorus to platinum in a cis-square planar mode, self-assemble to form heterodimeric antiparallel b-sheet structures that have potential in asymmetric catalysis. 184 The alkanethiolate-functionalised caged phosphine (124) has been prepared and shown to form self-assembled monolayers on a gold surface, the phosphorus atoms acting as donor centres to catalytically significant ions in solution, enabling ease of catalyst reusability and substrate selectivity. 185 Further work has also appeared on the assembly of supramolecular bidentate phosphine ligands based on phosphorus(III)-functionalised porphyrinylzinc(II) substrates and their nitrogen-zinc interactions with phosphinopyridines. The library of such SUPRAPHOS ligands has now been extended to include combinations of phosphoramidite-functionalised porphyrin-zinc(II) complexes with a wider range of donor molecules having a stereogenic centre at phosphorus. 186 
Reactions
2.2.1 Nucleophilic attack at carbon. The formation of zwitterionic phosphonium compounds by nucleophilic attack of phosphorus at unsaturated carbon and the subsequent engagement of such dipolar species in C-C and C-N bond-forming reactions has remained a very active area. As in recent years, a large group of papers in this section again relates to the seemingly never-ending reactions of tertiary phosphines and acetylenedicarboxylic acid esters in the presence of a third reactant, a proton source that serves to protonate the initial dipolar species formed, to give a vinylphosphonium salt. The latter then undergoes addition of the anion derived from the proton source to form a new phosphonium ylide. In many cases these are stable, but some undergo intramolecular reactions to give new, non-phosphorus-containing products, often via a Wittig route. A welcome sign is an increasing emphasis on reactions of this type that lead to C-C bond formation, with eventual reformation of the phosphine, the latter now assuming a catalytic role. The formation of stabilised phosphorus ylides by the above route has been the subject of an extensive review. 187 New stable ylides from the reactions of triarylphosphines, dialkyl acetylenedicarboxylates and various NH-, SH-and CH-acids have been obtained from N-nitrosoureas, 188 diaryltriazenes, 189 urethanes, 190 aldehyde semicarbazones, 191 benzanilides, 192 various hydrazine derivatives, 193 various N-H acid heterocyclic systems, 194 2-naphthalenethiol, 195 and C-H acids such as malonitrile or ethyl cyanoacetate, 196, 197 and various b-dicarbonyl compounds including cyclohexane-1,3-diones 198 and 1,3-butanediones. 199 Products arising from intramolecular Wittig reactions of stabilised ylides include 3-aroyl-2,5-diaryl-2,4-cyclopentadiene-1,1-dicarbonitriles and cyclopentenyl esters. 200 Reactions involving a tertiary phosphine, an acetylenic compound and other substrates, in which the phosphine may play a catalytic role in the formation of a C-C bond, provide routes to 2-(C-vinylated)-1,8-dihydroxyanthraquinones, 201 N-acetyl-ab-unsaturated g-lactams, 202 vinyl amides, 203 g-spirolactones, 204 2-aminofurans and bisfuramides, 205, 206 alkyl 209 Interest has continued in the wider general synthetic applicability of tertiary phosphines in the nucleophilic catalysis of carbon-carbon bond formation as typified by the Morita-Bayliss-Hillman (MBH) and related reactions. Recent reviews cover applications of phosphine catalysis in the synthesis of cyclic frameworks 210 and alkyne to 1,3-diene isomerisation reactions. 211 A combined theoretical and experimental approach has been developed to study the mechanism, regioselectivity and kinetics of the phosphine-catalysed [3 þ 2] cycloaddition reactions of allenoates and electron-deficient alkenes, revealing that the generation of an initial 1,3-dipolar intermediate between the phosphine and the allenoate is the rate-determining step. 212 Allenylphosphonates 213 Among other reactions catalysed by simple tertiary phosphines is a one-pot synthesis of highly substituted tetrahydrofurans from activated propargyl alcohols and reactive Michael acceptors, 214 a route to dihydropyrones from aldehydes and allenoates, 215 the olefination of salicylaldehydes with a-methyl allenoate, 216 the formation of functionalised 2-aminothiophenes in the additioncyclisation of phenylisocyanate with electron-deficient allenes, 217 a [3 þ 2] cycloaddition of ethyl buta-2,3-dienoate and 4-quinolone-1,3-dicarboxylate, 218 the cycloaddition of aziridines with carbon disulfide and isothiocyanates, 219 the synthesis of multifunctional vinyl esters from terminal alkynoates and aromatic aldehydes, 220 a controllable synthesis of benzobicyclo[4.3.0] compounds, 221 and a route to highly functionalised cyclopentenes. 222 Catalyst recovery in MBH and related reactions is aided by the use of the fluorous phosphine, P[(CH 2 ) 3 R f8 ] 3 as catalyst. 223 Further examples of the use of chiral phosphines in the catalysis of enantioselective MBH reactions have also appeared, including applications of the phosphinothioureas (125) in the reactions of aromatic aldehydes with methyl vinyl ketone, 224 and the functionalised 2-phosphinonaphthalenes (126) in the synthesis of g-butenolides 225 and the reactions of aldehydes with activated alkenes. 226 Phosphine-catalysed aza-MBH reactions, involving imines of various types as one of the reactants, have also been described. Simple tertiary phosphines have been used as catalysts in such reactions, providing routes for the synthesis of 3-pyrrolines, 227 highly functionalised pyrrolidines and azetidines, 228 and oxoimidazolidines. 229 Aza-MBH reactions have also been shown to be catalysed by various chiral 2-hydroxy-2 0 -phosphinobiaryls, 230, 231 2-amido-2 0 -phosphinobinaphthyls, 232, 233 and the phosphino-ureas and -thioureas (127) and (128) . 234, 235 Among other reactions reported that involve nucleophilic attack of phosphines at carbon is the triphenylphosphine-catalysed Michael addition of alcohols to acrylic compounds, 236 the catalysis of the Henry (nitroaldol) reaction by the triphenylphosphine-methyl acrylate adduct, 237 and the triphenylphosphine-catalysed Biginelli synthesis of 3,4-dihydropyrimidin-2-(1H)-ones and -thiones from the coupling of b-ketoesters, aldehydes and urea or thiourea. 238 Returning to more fundamental aspects of nucleophilic attack by phosphorus at carbon, it is interesting to note a reinvestigation by Mathey's group of the reactions of 1-phenyl-3,4-dimethylphosphole with dimethyl acetylenedicarboxylate. In contrast to an earlier report, it has now been shown that the reaction of the phosphole with an excess of the ester in DCM at room temperature affords a surprisingly stable 1:2 phosphole-ester adduct, formulated as the ylide (129) . When the reaction was carried out in the presence of silver nitrate, the intermediate 1:1 adduct was oxidised to the stable oxo-ylide (130), whose X-ray structure shows a highly zwitterionic character. 239 Betaine-like adducts, e.g., (131) , have been obtained from the reactions of tertiary phosphines with unsaturated dicarboxylic acids. The stability of such adducts depends on the nature of the substituents at phosphorus and also on the structure of the acid, the adducts derived from maleic and fumaric acids readily undergoing decarboxylation to form the corresponding phosphabetaines, e.g., (132), (or their H-bonded adducts with the original dicarboxylic acid). 240 The phosphabetaine (133) is formed in the reaction of 6-bromo-1,2-naphthoquinone with tributylphosphine. 241 Nucleophilic attack at the imino carbon of C-ethoxycarbonyl-(p-methoxyphenyl)nitrile imine occurs in its reaction with (pentafluorophenyl)diphenylphosphine, resulting eventually in the formation of the phosphine oxide (134) , subsequently reduced to the parent phosphine with trichlorosilane. 242 Depending on the nature of the substituents at phosphorus, the phosphinophenyl(borylphenyl)alkynes (135) undergo a spontaneous conversion to the valence isomeric phosphonio-boratostilbene zwitterions (136) via a nucleophilic cascade cyclisation mechanism. The presence of phenyl groups at phosphorus stabilises the alkyne form, whereas bulky alkyl groups favour the isomeric stilbene. 243 A theoretical approach has been used to assess the methyl cation affinities (MCAs) and proton affinities (PAs) of a variety of N-and P-based donor molecules used in catalysis. The study shows that steric effects between organocatalysts and reactant electrophiles are not well-modelled by PA data, making MCA data much better descriptors of the catalytic activity of phosphines. 244 Solvent-free reactions of 2-and 3-halopyridines with Ph 3 P, Bu 3 P and Cy 3 P have been studied under conventional heating as well as under microwave conditions, with no differences in the outcome being observed. Only with triphenylphosphine and 2-halopyridines was a clean conversion to the salts achieved, and even then some reactions required the presence of equimolar amounts of alkali metal salts, e.g., LiPF 6 , to aid replacement of the halide. 245 The possible involvement of non-thermal microwave effects in the microwave assisted formation of phosphonium salts (and other reactions) has been the subject of a very careful study using internal temperature monitoring and agitation. No evidence for the existence of such effects was obtained, the observed effects being purely thermal in origin and unrelated to the microwave field. 246 The bis(phosphonium) salt (137) has been obtained under conventional conditions and shown to act as a colorimetric chemosensor for fluoride ions. 247 The reactions of a range of tertiary phosphines (largely trialkyl) with 2-or 4-hydroxybenzyl alcohols have been studied in a 1:1 ratio in aqueous media, giving zwitterionic phosphoniobetaine adducts, e.g., (138) , via the formation of intermediate carbocation and quinone methide species. 248 Other areas of phosphorus chemistry that may involve nucleophilic attack by tervalent phosphorus at carbon are a convenient, solvent-free route for the functionalisation of single-wall carbon nanotubes using tertiary phosphines 249 and the triphenylphosphine-catalysed curing of diallyl bisphenol A-novolac epoxy resin systems. 250 2.2.2 Nucleophilic attack at halogen. As in recent years, although phosphine-positive halogen systems have continued to attract some interest as reagents in synthesis, little new fundamental work has appeared. Noteworthy is a detailed 31 P and 11 B NMR study of the influence of the solvent and the substituent groups at phosphorus on the structure and stability of iodine adducts of carboranylphosphines of the type (carboranyl)PR 2 (R ¼ Ph, Pr i , Et) in solution. Minor changes in the nature of the R group, together with the nature of the solvent used, give rise to major alterations in the geometry of the (carboranyl)PR 2 -I 2 adducts in solution and in their reactivity. The relatively electron-withdrawing phenyl groups make (carboranyl)diphenylphosphine less basic and stabilise a structure of the type R 3 P . . .I. . .I . . .PR 3 that persists even in polar solvents. In contrast, for the more basic (carboranyl)diethylphosphine, the ionic species [(carboranyl)Et 2 PI] þ I À dominates, even in solvents of relatively low polarity. The situation for the diisopropylphosphinocarborane is more complex, with a 'spoke'-like charge-transfer structure of the type R 3 P . . .I-I evident in low polarity solvents. However, ionic species are formed in ethanol, but undergo loss of a boron atom from the closo-carboranyl unit to form a zwitterionic structure involving the [7,8- À anion. 251 Also of interest is a comparison of the reactivity of N-(p-tosyl)-sulfinimidoyl fluorides and chlorides, ArS(X) ¼ NSO 2 Tol-p (X ¼ F or Cl), towards triphenylphosphine. In the case of the chlorides, nucleophilic attack by the phosphine occurs at chlorine, resulting in the formation of dichlorotriphenylphosphorane, together with an N-arenesulfonyl-phosphine imide and a diaryldisulfide. In contast, the related reactions of the S-fluoro compounds proceed via nucleophilic attack of phosphorus at sulfur but the final outcome is more complex, depending on the order of addition of reactants. Irrespective of conditions, one of the products is difluorotriphenylphosphorane. 252 New synthetic applications of tertiary phosphine-positive halogen reagents include the use of a combination of triphenylphosphine, bromine and tetrabutylammonium nitrite for the synthesis of N-nitrosamines and azides from the corresponding amines and hydrazides at 0 1C to room temperature, 253 a simple and efficient protocol for the chlorination of Bayliss-Hillman adducts using the triphenylphosphine-carbon tetrachloride system, 254 and the use of a combination of trichloroacetonitrile, triphenylphosphine and sodium azide at room temperature for the direct synthesis of acyl azides from carboxylic acids. 255 A combination of trichloroacetamide and triphenylphosphine provides a versatile reagent for the synthesis of esters 256 and a combination of ethyl tribromoacetate and triphenylphosphine has been used for the synthesis of a-bromoacrylates from aldehydes. 257 
Nucleophilic attack at other atoms.
Interest in the chemistry of phosphine-borane adducts has continued. The molecular structure of the borane adduct of the primary phosphine CH 3 PH 2 has been studied by electron diffraction and quantum chemical calculations. The structural environment about the phosphorus atom changes significantly on complexation with borane, the P-C bond length shortening and the bond angles widening. 258 Factors affecting the conformation of tertiary phosphine-borane adducts have also attracted attention. Among systems studied in the solid state are the intramolecularly coordinated adducts (139) and the acyclic adducts (140) . 259 Donor-acceptor dissociation energies of fluoroaryl-and fluoroalkyl-borane and -alane adducts of tertiary phosphines have been studied by theoretical methods. 260 Stephan has reviewed the work of his group on the formation and reactivity of 'frustrated Lewis pairs' involving sterically crowded phosphines and pentafluorophenylboranes. In these systems, the normal interaction between donor and acceptor centres is inhibited and alternative reaction pathways are often followed, giving products in which the Lewis acid and Lewis base sites may still be available for further reactivity. 261 Of particular recent interest is the discovery that crowded phosphino-boranes of various types, e.g., (141) , are able to take up molecular hydrogen, reversibly cleaving the molecule to form zwitterionic salts, e.g., (142) , which then function as reducing agents for the hydrogenation of enamines, imines and conjugated phosphinoalkenylboranes. 262 The past year has also seen further publications concerned with the activation of molecular hydrogen in this way. The mechanism of such reactions has been investigated by a theoretical approach. 263 Stephan's group has demonstrated the activation of H 2 by phosphinoboranes of the type R 2 PB(C 6 F 5 ) 2 (R ¼ Cy or Bu t ) to give adducts of the type R 2 PH[HB(C 6 F 5 ) 2 ]. 264 Cleavage of H 2 has also been observed with the 1,8-bis(diphenylphosphino)naphthalene-B(C 6 F 5 ) 3 system, subsequently applied in the metal-free catalytic hydrogenation of silyl enol ethers, 265 and also with a-(dimesitylphosphino)ferrocenophanes and B(C 6 F 5 ) 3 . 266 In related work, two groups have also demonstrated molecular hydrogen activation by adducts of bulky N-heterocyclic carbenes and B(C 6 F 5 ) 3 .
267, 268 Stephan's group has also shown that the reaction of the frustrated Lewis pairs Bu 3 ] that can be viewed formally as either phosphine-borenium cation complexes or borylphosphonium salts. 269 Further insight into the mechanism of the recently reported addition of phosphine-borane frustrated Lewis pairs with alkenes has been adduced from a theoretical study. 270 Further work has also appeared on the synthesis and reactivity of Lewis acid/Lewis base-stabilised phosphinoboranes and arsinoboranes (143) . Scheer's group has shown that selective halogenation at phosphorus or arsenic occurs on treatment with carbon tetrahalides. 271 The same group has also reported studies of the reactions of adducts of primary phosphines RPH 2 (R ¼ Cp* or Ph) and B(C 6 F 5 ) 3 or Ga(C 6 F 5 ) 3 with N-heterocyclic carbene-BH 3 adducts, giving new Lewis acid/Lewis base-stabilised phosphinoboranes in which the carbene is the donor to boron. 272 Other work reported includes studies of the thermal rearrangement of secondary and tertiary phosphine-B(C 6 F 5 ) 3 adducts to give zwitterionic species of the type R 2 PH(C 6 H 4 )BF(C 6 F 5 ) 2 and R 3 P(C 6 H 4 )BF(C 6 F 5 ) 2 , respectively, 273 and the catalysis by metallocenylphosphine-borane complexes of the thermal dehydrocoupling of the diphenylphosphine-borane adduct to give Ph 2 PH-BH 2 -PPh 2 -BH 2 .
274 Diphosphines with polarised P-P bonds have been shown to react with boranes, and other Lewis acids such as gallium trichloride or elemental selenium, to give products arising from electrophilic attack at the more basic phosphorus atom, followed by bond cleavage. 275 The reactivity of phosphines towards oxygen, sulfur and selenium, and their compounds, has also continued to generate interest. Progressive replacement of t-butyl groups in Bu t 3 P by neopentyl results in a significant increase in the stability of the phosphine to air, trineopentylphosphine being air-stable, both as a solid and in solution. 276 The diphosphine bis(diphenylphosphino)acetonitrile behaves normally in its reactions with hydrogen peroxide, sulfur and phenylazide, forming the bis-oxide, -sulfide and -phenylimine. 277 The combination of a tertiary phosphine, usually triphenylphosphine or a polymer-bound version, with a disulfide of the type RSSR, provides a reagent system that has continued to be exploited. New applications include the development of a tandem base-catalysed synthesis of arylsulfanyl-and alkylsulfanyl-substituted propanoates and related ketones, 278 and the conversion of secondary nitroalkanes to ketones. 279 The cleavage of the disulfide bond by a tertiary phosphine also forms the basis of a catalytic disulfide metathesis, in which a mixture of symmetrical disulfides is converted reversibly into the unsymmetrical disulfide R 1 SSR 2 . 280 It is also the key to a desulfurizative rearrangement of allylic disulfides 281 and a highly selective photoinduced thiophosphination of alkynes, providing access to functionalised phosphines of type (144) . 282 The established phosphine-promoted desulfurization of thioaldehydes has been applied to 3-thioformylindolizines, giving (E)-1,2-bis(3-indolizinyl)ethenes in high yields. 283 The reactions of diphenyl(2-picolyl)phosphine with elemental sulfur and grey selenium proceed normally to give the respective phosphine sulfide and selenide. 284 Various phenyl(ferrocenylethynyl)phosphines have also been converted into the corresponding selenides by direct reaction with selenium. 31 P-NMR studies show that progressive replacement of phenyl groups by ferrocenylethynyl causes a shielding of the phosphorus atom with an increase in the 1 J( 31 P-77 Se) coupling constant. 285 A kinetic study of the reaction between tertiary phosphines and the selenocyanate ion, giving phosphine selenides, is consistent with an S N 2 mechanism involving ratedetermining nucleophilic attack by phosphorus at selenium. 286 A combination of tributylphosphine with diphenyldiselenide provides a reagent system that provides a source of the phenylselenide ion, promoting the ringopening of aziridines and epoxides to give b-amino-or b-hydroxy-alkyl selenides.
Interest has continued in the Mitsunobu and Staudinger reactions, in which nucleophilic attack by phosphorus at nitrogen is the initial step, but at much lower levels than in previous years. Easily accessible azopyridines, in particular 4,4 0 -azopyridine, have been suggested as alternative reagents to the familiar azodicarboxylate esters for Mitsunobu esterification and thioesterification reactions. The hydrazinopyridine byproduct is easily separated from products by filtration, and can be recycled to the azopyridine by an oxidation reaction. 288 The ambiphilic phosphinoarylborane i-Pr 2 P(o-C 6 H 4 )BMes 2 has been shown to form stable versions (145) and (146) of key zwitterionic intermediates in its reactions with diethyl azodicarboxylate (DEAD) or phenylisocyanate, the anionic centre of the initially-formed zwitterions being stabilised by the electrophilic borane. 289 A review has appeared of the use of the triphenylphosphine-DEAD reagent for the synthesis of carbon-nitrogen bonds through a variety of reactions that extend its role beyond the familiar Mitsunobu reaction. 290 New applications of Mitsunobu procedures include an efficient, one-pot route to trithiocarbonates from thiols, 291 a new route for the attachment of a ferrocenyl moiety to hydroxy-functionalised biomolecules, 292 and a synthesis 
of mono-and bis-(alkoxycarbonyl)hydrazones by treatment of the initiallyformed Huisgen zwitterion with diarylketones. 293 In the absence of any nucleophilic counterions, tertiary nitrogen nucleophiles such as pyridines and imidazoles can be alkylated with alcohols by using their tetrafluoroborate salts as the acidic component in the Mitsunobu reaction, providing a useful approach to ionic liquids under mild conditions and avoiding the usual anion exchange step. 294 Applications of the Staudinger reaction of phosphines with azido compounds to give iminophosphoranes have also continued to appear. The Staudinger reaction of a series of cyclopentadienylphosphines with phenylazide has been investigated, providing an interesting series of new bidentate CpPN ligands that exist in a number of tautomeric forms. 295 A new fluorogenic phosphine reagent has been developed that can image azide groups on live cells. Key features of the molecule (147) include a phosphinetethered fluorophore that is quenched intramolecularly by an ester-linked fluorescence resonance energy transfer (FRET) quencher (the azodye, disperse red). The reaction with azides results in cleavage of the ester and concomitant unquenching of the fluorophore. 296 Traceless Staudinger reactions that enable the formation of an amide bond without the incorporation of residual atoms from reagent residues have received further study.
The interaction of electronic and steric effects in the phosphinothiol and aminoacid reactants in such reactions has been investigated and found to affect the rate in a predictable manner, providing guidelines for the optimisation of synthetic routes. 297 An intramolecular traceless Staudinger procedure has been used in the development of a chemoselective synthesis of cyclic peptides. 298 Tris(2-carboxyethyl)phosphine has proved to be a valuable reagent for the activation of an azidoester-functionality which acts as a switch for protein folding, thereby extending the applicability of the Staudinger reaction in chemical biology. 299 Other applications of Staudinger procedures include a route to pseudopeptidic glycinamides, 300 the development of an azide-containing molecular probe for the 'catch and release' purification of proteins, 301 a one-pot, solid-phase synthesis of secondary amines from reactive alkyl halides and an alkyl azide, 302 and a new strategy for the synthesis of macrobicyclic triphosphazides. 303 A convenient route to phenylacetonitriles from phenylacetic acids is afforded by the reaction of the acid with sodium azide, in the presence of bis(2-methoxyethyl)aminosulfur trifluoride, triethylphosphine and triethylamine. 304 Further examples of nucleophilic attack by phosphorus at silicon appear to be involved in the cyanomethylation and trifluoromethylation reactions of carbonyl compounds and imines using trimethylsilylacetonitrile and trifluoromethyltrimethylsilane, respectively, in the presence of tris(2,4,6-trimethoxyphenyl)phosphine. 
Miscellaneous Reactions.
Interest in the electronic and other physicochemical properties of phosphines has continued. A new approach for the assessment of the nucleophilicities of phosphines and other nucleophiles, e.g., amines, isonitriles and carbanions, has been developed which involves the use of benzhydrylium ions as reference electrophiles. 307 A theoretical treatment of the mechanism of nucleophilic substitution at phosphorus centres includes data for nucleophilic attack at trivalent phosphorus. 308 Trends in the gas-phase reactions of phenylpnictogen radical cations of the type [C 6 H 5 EH 2 d ] þ (E ¼ N, P, or As), have been re-investigated using D-labelling and tandem mass spectrometry techniques. 309 The gas-phase ion chemistry of tris(trifluoromethyl)phosphine has been studied using an ion cyclotron resonance technique. 310 A reasonable estimate of the geometrical and vibrational parameters of various PP-(and SS)-bonds has been achieved using a density functional theoretical approach. 311 Theoretical methods have also been used to study the conformational properties of cyclotetraphosphinophosphonium ions of the type P 5 H 6 þ and P 5 Me 6 þ .
312
Further work on the chemistry of phosphinocarbenes has appeared. Treatment of the carbene-precursor (148) with lithium dialkylamide reagents has given various products, including a bicyclic phosphirane and the metastable P,N-heterocyclic carbene (149), which is transformed quantitatively into the tricyclic aminophosphine (150) over 48 h in solution. 313 The ferrocenophane (151) has been shown to undergo ring-opening on photolysis to form a mixture of oligomers of the type (-PhPC 5 H 4 FeC 5 H 4 -) n . These have now been separated, following sulfurization and desulfurization steps, to afford two configurational isomers of the macrocyclic trimer (152) . 314 The reaction of (S p -)-2-(diphenylphosphino)ferrocenecarboxylic acid with carbodiimide reagents has been investigated. Under neutral conditions, the reaction with N,N 0 -dicyclohexylcarbodiimide affords the urea (153), whereas under basic conditions, the acid anhydride (154) is formed. With other carbodiimide reagents, the outcome is sometimes less distinct. 315 Treatment of a tetraphosphinoferrocene with zirconium tetrachloride in THF has afforded the unique diphosphonio-diphosphinoferrocene cationic ligand (155) . 316 Ortho-carboranyldiphosphines (156) have been shown to suffer cleavage of the C-C bond with hydrogen chloride to form the nido-C 2 B 10 -bisphosphonium zwitterions (157) . The reaction may be reversed on treatment of the latter with a base. 317 Condensation of the bis(phenolic) phosphine (158) with phenylboronic acid has given the phosphino-functional benzodioxaborole (159) that demonstrates the expected donor/ acceptor character in its reactions. 318 Among reactions of phosphines occurring in the coordination sphere of a transition metal are a rhodium-catalysed hydrogenation and silylation of P-P bonds to give secondary phosphines and silylphosphines, 319 a chiral amine-palladium template-promoted asymmetric cycloaddition of phenyldivinylphosphine to 3,4-dimethyl-1-phenylarsole to give the chiral As-P ligand (160), 320 a palladium-catalysed synthesis of functionalised tetraarylphosphonium salts, 321 the rhodium-catalysed addition of water to 1-alkynylphosphines to give (E)-1-alkenylphosphine oxides, 322 intramolecular alkylphosphine dehydrogenation in cationic rhodium complexes of tris(cyclopentyl)phosphine, 323 and further examples of intramolecular alkene metathesis/hydrogenation reactions in metal complexes of phosphines of the type P[(CH 2 ) n CHQCH 2 ] 3 (n ¼ 7-11) to give macrocyclic gyroscope-like molecules. 324 The reaction of 2,2 0 -bis(diphenylphosphino)-1,1 0 -binaphthyl with an equimolar amount of copper(II) triflate in acetonitrile afforded the bis(phosphonium) salt (161) . 325 Nixon's group has continued studies of the reactivity of the hexaphosphapentaprismane cage P 6 C 4 t Bu 4 , having now investigated its interactions with platinum(0) and platinum(II) complexes, involving insertion and halogen migration reactions. 326 Interest in the general applicability of phosphines as ligands in catalysis by metal complexes remains an area of significant activity. Reviews have appeared of the use of dendrimeric phosphines in asymmetric catalysis, 327 the role of biarylphosphines in palladium-catalysed amination, 328 ferrocenyloxazolinylphosphines as optically-active chiral ligands, 329 hemi-labile P,O-ligands in cross-coupling reactions, 330 and the synergistic effect of binary component ligands in the development of chiral catalyst libraries. 331 Further reports have appeared of the use of hydrogen-bonded phosphine ligand self-assembly strategies in metal-catalysed reactions, including asymmetric hydrogenation 332 and the allylation of N-heterocycles. 333 Other reports of interest relevant to catalysis include a study of the immobilization of platinum(II) and palladium(II) complexes on metal oxides by sol-gel processing and surface modifications using bifunctional phosphinoalkyland phosphinoaryl-phosphonate esters, 334 the modification of the reactivity of phosphine-metal complexes by association with other molecules, e.g., with imidazolium salts in the hydroformylation of alkenes in ionic liquids, 335 and the suppression of interfering interactions between sulfonated arylphosphine ligands and cyclodextrins. 336 
p p -Bonded phosphorus compounds
Activity in this area has remained at a similar level to that reported for 2007. Well-established topics such as the chemistry of diphosphenes, phosphaalkenes and phosphaalkynes have continued to attract attention, as also has work on the less-developed classes of low coordination number phosphorus compounds, in particular phosphenium ions and phosphinidenes, and their metal complexes. Recent work on kinetically-stabilised doubly bonded systems involving two of the heavier Group 15 elements has been reviewed. 337 Relevant to the kinetic stability of diphosphenes protected by bulky groups is a theoretical study of the phenyl torsional potentials of trans-diphenylphosphene. 338 A new route to diphosphenes is provided by the reaction of a titanocene-bis(trimethylsilyl)acetylene complex with bulky dichlorophosphines. 339 Nickel complexes of diphenyldiphosphene have been obtained from the reaction of the diphosphide [PhP-P(Ph)-P(Ph)-PPh]M 2 (M ¼ Na or K) with Ni(cod) 2 (cod ¼ 1,5-cyclooctadiene). 340 The formation of diphosphacyclobutenes in stereospecific [2 þ 2]-cycloaddition reactions of diphosphorus (P 2 ) with alkenes has been the subject of a theoretical study. 341 Studies of the reactivity of diphosphenes have included chalcogenation reactions of kinetically-stable diphosphenes with elemental sulfur, selenium and tellurium, leading to thia-, selena-and tellura-diphosphiranes, 342 the formation of a ferrocenyldiphosphine-platinum(0) complex, 343 the formation of a C 10 P 2 cationic cage system on protonation of the diphosphene C 5 Me 5 PQPC 5 Me 5 , 344 and the formation of a kineticallystabilised diphosphene anion-radical by the one-electron reduction of the diphosphene TbtPQPTbt (Tbt ¼ 2,4,6-tris[bis(trimethylsilyl)methyl] phenyl). A successful protocol has been developed for the introduction of stable phosphaalkene units into oligoalkynes, leading to compounds of types (162) and (163), a new class of p-conjugated molecules. 346 Also reported are routes to the planar chiral 1-phosphaethenyl-2-phosphinoferrocenes (164) , from the reactions of optically active 2-phosphinoferrocenecarboxaldehydes with Mes*P(Li)SiMe 3 in THF, 347 and the bidentate ligands (165) , incorporating an acyclic phosphaalkene unit. 348 Chlorophosphaalkenylstibines, e.g., (166) , have been obtained from the reactions of Mes*PQ C(SiMe 3 )Li or the phosphaalkene carbenoid Mes*PQC(Cl)Li with fluorostibines. 349 The behaviour of the CQP functionality of phosphaalkenes and related heterocyclic systems in Diels-Alder reactions has been reviewed. 350 Phosphaalkenes have been introduced as long-lived phosphorus cluster surface functional groups to a niobium-supported P 7 cage structure. 351 The configurational and conformational properties of the various stereoisomeric forms of 1,3,7,9-tetraphospha-cyclodeca-1,2,7,8-tetraene have been studied by theoretical methods. 352 Gates' group has reported a number of studies of the reactivity of poly(methylenephosphine) systems, obtained from the anionic polymerisation of phosphaalkenes, towards borane, CH 3 þ , 353 gold salts 354 and gold nanoparticles. 355 The electronic structure of simple phosphorus compounds, e.g., the phosphacumulene H-PQCQO, a prospective candidate in the search for phosphorus-containing molecules in astrobiology, has received treatment by theoretical methods. 356 Density functional theoretical methods have been applied to a study of a range of molecules containing a terminal CRP bond 357 and the effects of bulky aryl substituents on the stability of the, as yet unknown, siliconphosphorus triple bond. It is predicted that triply bonded molecules of the type [Ar-SiRP-Ar] þ have reasonable kinetic and thermodynamic stability and should therefore be accessible, presenting a challenge to the experimentalists. We await developments with interest! 358 Methylidynearsine, (HCRAs), has been prepared by a two stage dehydrohalogenation of dichloromethylarsine and characterised by UV-PES and MS techniques. 359 Studies of the reactivity of phosphaalkynes have continued. Methylphosphaalkyne, PRCMe, shows unusual reactivity towards digermenes and distannenes, forming bridged 2,3,5,6-tetraphospha-1,4-dimethylidenecyclohexanes (167) in a complex stepwise sequence of phosphaalkyne cycloadditions, heterocycle rearrangement and other reactions. 360 Treatment of germanium-and tin-1,3-diphosphacyclobutadienyl complexes with Bu t CRP has given two novel zwitterionic cage compounds of the type [MP 4 C 4 tBu 4 ], (168) . 361 The first bis(1,3-diphosphacyclobutadienyl)cobalt complex anion, [Co(P 2 C 2 tBu 2 ) 2 ] -, has been obtained from the reaction of Bu t CRP with an anionic cobalt-anthracene p-complex. 362 The reaction of the phosphaalkyne dimer-zirconocene complex (169) with Ph 2 SbCl 3 leads to the cyclotetrameric tetraphosphaladderene (170) as the principal product. 363 The first example of a metal complex in which methylphosphaalkyne coordinates via phosphorus solely in the Z 1 -mode has been discovered. 364 In a reaction related to the combination of PRP and MRP triple bonds, 1-adamantylphosphaalkyne has been shown to react with a terminal phosphide MRP triple bond to generate a cyclo-CP 2 complex. Once again there has been considerable activity in relation to the chemistry of phosphenium ions (R 2 P: þ and RP: 2 þ ), phosphinidenes (RP:) and compounds containing a formal P(I) cation. The stabilisation of phosphenium cations by coordination to tertiary phosphines has continued to attract interest. Burford's group has now demonstrated the stabilisation of the diphosphenium dications [RP-PR] 2 þ by coordination to phosphines to give catena-2,3-diphosphino-1,4-diphosphonium cations [R 3 0 P-P(R)-P(R)- 366 The topic of catena-phosphorus cations has also been reviewed. 367 A route to a phosphino-phosphenium complex (171) in which the phosphenium phosphorus is part of a tricyclic triphosphorus cage substituent has also been described. 368 Several other groups have reported routes to stable phosphenium cations that are part of a heterocyclic system, including (172) , also shown to undergo cycloaddition reactions with dienes, 369 (173) , 370 and the b-diketiminato(hydroxy)phosphenium cation (174) . Possible phosphinous acid-secondary phosphine oxide tautomerism in the latter system has been modelled by DFT calculations which reveal that the hydroxyphosphenium form is significantly more stable. 371 NMR studies of reactions between some N-heterocyclic-and acyclic-diaminophosphenium ions, (R 2 N) 2 P þ , and P-chlorophosphines indicate that the interactions between these systems are probably via halide bridging rather than by formation of P-P donor-acceptor complexes. 372 Donor-stabilised phosphenium cations have been shown to behave normally in the formation of P-donor complexes with rhodium(I). 373 Tertiary arsine donors have also been shown to coordinate to phosphenium cations 374 and both tertiary phosphines 375 and tertiary arsines 376 have been shown to form stable complexes with arsenium salts. A simple route to the high purity cyclic triphosphenium cations (175) is provided by the reaction of a phosphorus trihalide with a chelating diphosphine in the presence of cyclohexene, which acts as a halogen-scavenger. 377 The reactivity of the central cationic phosphorus atom in such systems towards alkylating agents has also been explored. 378 Interest has also continued in studies of the generation and reactivity of phosphinidene species (RP:), phosphorus analogues of carbenes. Streubel's group has reported the isolation of the first complexed phosphinidene precursor, the Li/halogen phosphinidenoid transition metal complex (176), a yellow solid that begins to decompose above 10 1C to give products derived from the liberated phosphinidene. 379 A theoretical study suggests that a promising method for phosphinidene generation may be the thermal dissocation of 1,3,2-diazaphospholenes, formally regarded as complexes of phosphinidenes with 1,4-diazabutadienes. 380 Phosphanylidene-s 4 -phosphoranes, ArPQPR 3 , that can be regarded as a phosphine-complexed phosphinidene, i.e., ArP'PR 3 , also behave as phosphinidene precursors.
The phosphinidene centre of these molecules has now been shown to form bis(Lewis acid) complexes with acceptors such as AuCl and AgOTf, existing essentially as a phosphinidene bound to both Lewis acids and a Lewis base. 381 Two groups have reported the synthesis of lanthanide-phosphinidene complexes that appear to behave as phosphinidene sources. 382, 383 Studies of the reactivity of a phosphinidene-bridged di(iron) complex have revealed evidence of both nucleophilic and electrophilic behaviour. 384 A route to fused tricyclic phosphiranes is afforded by the reactions of W(CO) 5 complexed phosphinidenes to hexamethyl Dewar benzene. 385 Stable syn-substituted methylenediphosphirane complexes have been obtained from the reaction of transient electrophilic phosphinidene complexes [RP ¼ W(CO) 5 ] (R ¼ Me or Ph), thermally generated from complexed benzophosphepines, with 1-phosphaallene. 386 Related to the phosphinidene area is a study of the reactions of the triply bonded molecule P 2 with stable carbenes, giving bis(phosphinidene) complexes of the type R 2 C-P-P'CR 2 , involving a phosphorus-phosphorus single bond. 387 Similar complexes may also arise in the reactions of singlet and triplet methylene with P 4 . 388 Phosphinidene oxides, RPQO, retain a lone pair at phosphorus and can be stabilised as metal complexes, although few studies of their reactivity have appeared as yet. It has now been shown that such complexes undergo addition of water to the PQO bond, to give complexed hypophosphorous acids, RP(OH) 2 . 389 Interest in the intermediacy of transient l 5 -P p -bonded monomeric metaphosphate analogues in the reactions of pentavalent phosphorus esters has also continued. 390 
Phosphirenes, phospholes and phosphinines
Interest in potentially aromatic heterocyclic systems has continued, with most activity again relating to the chemistry of phospholes. No new work of significance on phosphirenes or phosphirenium salts has appeared in the past year. The evidence for aromaticity and antiaromaticity in fourmembered phosphorus-containing rings has been reviewed. 391 The aromaticity of five-membered heterocycles containing phosphorus (and/or other heteroatoms), has been considered in terms of the harmonic oscillator model of aromaticity (HOMA). It was found that a Pauling electronegativity of 2.9 for the heteroatom is optimal for maximising the aromaticity of the heteroaromatic ring system. 392 The synthesis and optoelectronic properties of extended conjugation phosphole systems, including conjugated polymers, often involving other aromatic heterocyclic systems such as thiophene, has continued to generate interest, and this area has been reviewed. 393 Among new thienylphosphole systems prepared is a series of phosphole-thiophene oligomers (177), 394 bithiophene-fused benzo[c]phospholes, e.g., (178) , 395 and the bis(benzothieno)phosphole (179) . 396 Also of interest in terms of electronic properties is the bis(benzophosphole) (180), 397 the benzophospholes (181), the oxides of which show intense blue-green fluorescence, 398 a series of dibenzophosphole-copolymers (182) displaying blue or white electroluminescence, depending on the oxidation state of the phosphorus atoms, 399 and the bis(benzophosphole oxides) (183) , showing intense blue fluorescence at longer wavelengths and higher quantum yields compared to known element-bridged stilbenes. 400 Further work has appeared on the synthesis and coordination chemistry of calixarene and porphyrin systems incorporating a phosphole ring. Routes have been developed to the hybrid calixpyrroles (184) , 401 the monophospha-porphyrin and monophosphathia-porphyrin systems (185) , 402, 403 and the hybrid calixphyrins (186) . 404 Among new simpler functionalised phospholes reported is the 2-carboxyphosphole (187) 405 and the bis(phospholyl)acetylene (188), the disulfide of which undergoes a spontaneous self-condensation via a Diels-Alder cycloaddition between the CRC triple bond and the phosphole dienic system, giving the bis(phospholyl)benzene (189) after aromatisation by loss of the phosphorus bridge. 406 Phospholes of interest as ligands for the formation of metal complexes include phospholyl-azahelicenes, e.g., (190) , 407 the disulfides derived from the chiral bi(phospholes) (191) , 408 and a 2,5-bis(2-pyridyl)phosphole. 
The chemistry of phospholide anions and their metallocene complexes remains an active area. Mathey's group has continued to explore methods for the synthesis of C-functionalised phospholide ions. The reaction of an excess of lithium 3,4-dimethylphospholide with dichlorodiphenylsilane has been shown to lead eventually to the formation of the silane-bridged diphospholide (192) in a one-pot procedure that involves [1, 5] -sigmatropic shifts of functional groups from phosphorus to the a-carbon. A related reaction with chloro(diphenyl)(2-thienyl)silane afforded the thienyl-functionalised phospholide (193) . The reactivity of these systems has also been explored. 410 Also reported by this group is the synthesis of bifunctional 1,1 0 -diphosphaferrocenes from the 2-ethoxycarbonyl-and 2-benzoyl-3,4-dimethylphospholides. 411 Among other new monophosphaferrocenes described in the past year is a series of hybrid ligands with N-heterocyclic carbene and chiral phosphaferrocene components, e.g., (194) , 412 a series of new phosphazirconocenes, 413 and various phosphametallocenium cations involving rhodium and iridium. 414 A novel high yield approach to the diphospholide (195) is afforded by the reaction of cyclopropenylphosphonium bromide with sodium polyphosphides. 415 Two groups have described simple routes from 1,2-bis(diphosphino)benzene to the triphosphaindenyl anion (196; E ¼ P) and also the 2-arsa-1,3-diphospha-analogue (196; E ¼ As). 416, 417 The reactivity of the planar chiral 1,2,4-triphospholide anions (197) has also received further study. Treatment of (197; R ¼ Bu t ) with a chlorostannane bearing a chiral substituent affords the diastereoisomeric stannyltriphospholes (198) , NMR studies providing evidence of fluxional behaviour involving migration of the stannyl group between the two adjacent phosphorus atoms. 418 Ionkin's group has shown that the reaction of tris (trimethylsilyl)phosphine, caesium fluoride and 2,4,6-tri-t-butylbenzoyl chloride affords a range of products, including the kinetically-stabilised triphospholide (197; R ¼ Mes*) and the tetraphospholide (199) . Structural studies of both anions reveal that the phospholide rings are flat, an indication of their aromaticity. Protonation of the triphospholide leads eventually to a room temperature-stable 1,2,4-triphosphole radical. 419 Alkylation of the triphospholide proceeds normally to form the related 1-alkyl-1H- [1, 2, 4] triphospholes, also shown to involve an aromatic, planar, triphosphole ring. 420 The coordination chemistry of 1,2,4-triphospholide anions has also attracted interest. Several papers have reported studies of the synthesis and reactivity of 1,2,4-triphosphaferrocenes. 421, 422 Also described are routes to lanthanide and actinide complexes of 1,2,4-triphospholides, 423 and a new 1,2,3-triphosphaferrocene. 424 Further progress has been made in the chemistry of 1,3-azaphospholes and related systems. Heinicke's group has developed a route to the new bulky N-substituted 1,3-benzazaphospholes (200) . These workers have also carried out studies of the C-lithiation and subsequent phosphination of these systems. 425, 426 The first examples of pyrido[b]-annelated azaphospholes (201) have been prepared 427 and a study of diastereo-and regio-selective Diels-Alder reactions of the 2-phosphaindolizines (202) has been described. 428 Various alkali metal 429 and samarium 430 complexes of 1,2,4-diazaphospholide anions (203) have also been characterised.
The synthesis and reactivity of the six membered ring, potentially aromatic, phosphinine system has received further attention. The first examples of a new class of axially chiral phosphorus ligands, the atropisomeric phosphinines (204) , have been prepared and isolated in an enantiopure state. 431 Also reported are syntheses of the wide-bite-angle diphosphinine (205) 432 and the diphosphinine analogue of terpyridine (206) , a new class of neutral, p-acceptor PNP-pincer ligand. 433 Studies of the reactivity of phosphinines include the first observations of protonation, alkylation and silylation in systems usually viewed as extremely weak bases, 434 the protodesilylation of 2,6-disubstituted silylphosphinines, 435 a theoretical study of concerted and diradical stepwise mechanisms in the Diels-Alder reactions of the parent phosphinine (C 5 H 5 P) and its sulfide, 436 the Diels-Alder phosphaalkene-like reactivity of the dithienophosphinine (207), 437 and the formation of simple Z 1 -complexes of phosphinine (and the related arsinine) with ruthenium (II) and osmium(II). 438 Also reported are studies of the coordination chemistry of the anionic phosphinine-based SPS pincer ligand (208) . 439 
